INTRODUCTION {#sec1-1}
============

Herbal medicines are often used with modern drugs with the aim to minimize side effects/toxicity or to obtain a synergistic/additive effect in terms of pharmacological activities. This is probably one of the major reasons for which herbal drugs are gaining popularity. However, it has been reported that herbal products containing a number of natural compounds may cause pharmacokinetic interaction with modern medicines particularly in combination.\[[@ref1][@ref2]\]

The human cytochrome P450s (CYPs) are a superfamilies of heme-containing mono-oxygenases, and their expression of individual P450s is regulated by both endogenous factors and foreign compounds including drugs and natural compounds.\[[@ref3]\] There are many human CYP superfamiles identified, but enzymes namely from CYP1, CYP2 and CYP3 families are known to catalyze the biotransformation of most of the clinically accepted drugs.\[[@ref4]\] The five major human CYPs e.g. CYP1A2, 2D6, 2C8, 2C9, and 3A4 which are well known for their important role in human drug metabolism were chosen for this study.

CYP3A4 is the most abundant among human CYPs found in human liver (\~40%) metabolizing more than 50% of the drugs marketed in the world,\[[@ref5]\] which includes cancer chemotherapeutic drugs e.g. vinca alkaloids, irinotecan and also other widely used drugs such as atorvastatin, miodarone among others.\[[@ref6]\] CYP2C subfamily accounting for approximately 16--20% of the CYP-mediated biotransformation.\[[@ref7]\] Members of this subfamily include CYP2C8, 2C9, 2C18 and 2C19.\[[@ref8]\] CYP2C9, the major member of this subfamily metabolizes more than 16% of the clinically used drugs, including hypoglycemic agents like tolbutamide, glipizide and so on. On the contrary, CYP2C8 has important role in the metabolic clearance of paclitaxel, amodiaquine, retinoic acid.\[[@ref10]\] Although the hepatic expression levels of CYP2D6 is low still it is reported to be involved in the metabolism of the most commonly prescribed pharmaceuticals like the tricyclic antidepressants and selective serotonin re-uptake inhibitor (SSRI) e.g. fluoxetine.\[[@ref11]\]

CYP1A2 is another important enzyme, which is responsible for first-stage detoxification of xenobiotics like ondansetron and amitryptyline.\[[@ref12]\] Since CYPs play important roles in drug metabolism, co-administration of herbal preparations with conventional drugs which are otherwise CYP substrates may alter the metabolism of the latter.\[[@ref1]\] Herbal preparations are usually considered to be safe because of their natural origin. Although, many studies have been reported for interaction between herbs and conventional medicines,\[[@ref13]\] one such example is St. John\'s Wort, which is widely used to treat depression is known to decrease the efficacy of drugs such as cyclosporine and indinavir by inducing hepatic CYP3A4.\[[@ref14]\] Many case reports claims events of irregular bleeding and unwanted pregnancies with St. John\'s Wort being taken simultaneously with ethinylestradiol.\[[@ref15]\] *Ginkgo biloba*, has been found to inhibit CYP2C9 significantly and to a lesser extent, CYP1A2, CYP2E1 and CYP3A4 enzymes despite its claims for beneficial effects on the vascular system, memory, cognition, and gene regulation.\[[@ref16]\] Similarly, other herbs like garlic (*Allium sativum*), liquorice (*Glycyrrhiza glabra*) and ginseng (*Panax ginseng*) are also reported to exhibit such CYP modulation. So far, a large number of literature and anecdotal reports suggest that concomitant administration of herbal products and pharmaceuticals may affect human drug metabolism and significantly increase the risk of serious adverse reactions.\[[@ref17][@ref18]\] A comprehensive summary of the clinical relevance of herb interactions has been reported in 2006 by Williamson, touching on interactions of Berberis, cinchona bark, Garlic, Ginkgo, Red clover, St. John\'s Wort among others and valerian with various CYP isoforms.\[[@ref19]\] Measurement of CYP inhibition during drug discovery process thus provides an early warning with regards to potential safety issues.\[[@ref20]\] Unfortunately, so far only a few programs have been taken up to establish the safety and efficacy of herbal medicines as was originally proposed by the WHO Guidelines\[[@ref21]\] for better risk assessment of herbal medicines.

MATERIALS AND METHODS {#sec1-2}
=====================

Chemicals and reagents {#sec2-1}
----------------------

Tacrine, diclofenac sodium, dextromethorphan hydrobromide monohydrate, midazolam, paclitaxel, NADPH tetra sodium salt, and MgCl~2~ hexahydrate and miconazole all were purchased from Sigma--Aldrich (St. Louis, MI, USA). Deacyl gymnemic acid from Natural Remedies (Bangalore, India), Human liver microsomes (HLM) from BD Gentest (California, USA) and all HPLC-grade solvents from JT Baker were purchased. Milli Q water (resistivity of 18M.Ω cm) has been generated from Milli Q water purification system.

Instrumentation and chromatographic conditions {#sec2-2}
----------------------------------------------

The liquid chromatography (LC) system consisting of LC-20ADvp pump (Shimadzu, Kyoto, Japan), CTC PAL (HTS) autosampler, and the mass spectrometer composed of turboion spray with atmospheric pressure ionization source (API-4000) (AB Sciex Instruments, Foster CA, USA) and detection and integration of peaks were performed using Analyst 1.4.2.

Probe substrate-based liquid chromatography tandem mass spectrometry (LC-MS/MS) method was established for all CYPs. LC-MS/MS analysis was performed on a phenyl hexyl cartridge (2 × 10 mm, 5 μm) from phenomenex (CA, USA) with a flow rate of 0.8 mL/min. The mobile phases were 2 mM ammonium acetate in water (A) and a mixture 0.1% formic acid, 90% acetonitrile and 9.9% water (B). The gradient elution program was as follows: first 18 s only A for washing and next 36 s 100% B and cycle time was 1.5 min.

Preparation of *gymnema sylvestre* extract {#sec2-3}
------------------------------------------

The plant was identified from Botanical survey of India (BSI), WB and India. The voucher specimen number is CNH/80/2013/TechII/49 and a specimen was preserved for future reference. The leaves of the plant were dried under shade and powdered using a mechanical grinder. The various GS extracts were prepared following the procedure described below. Dried raw material of GS leaves was grounded and soaked in distilled water for 24 h. The homogenized suspension was then boiled in temperature controlled water bath at 37^°^ C and filtered through a What-man No. 1 filter paper. The volume of the filtrate was then reduced by evaporation and later spray-dried to make the aqueous extract (AE). The yield of the extract was typically 3.9--4.2% (w/w) in terms of dried starting materials. Fresh dried leaves were grounded for successive extraction in different organic solvents. GS powdered leaves was extracted for 48 h successively with *n*-hexane, chloroform, ethyl acetate and methanol. More specifically, the extraction was first carried out by mixing the powdered leaves with *n*-hexane for 24 h. The extracts were filtered through a What-man No. 1 filter paper and the solvents from the filtrates were removed by rotary evaporator under reduced pressure at 45°C and typically the yield of the extract was 1.8--2.5% (w/w). The remaining residue from the plant following the *n*-hexane extraction was subsequently re-extracted with chloroform, later filtered and evaporated under reduced pressure to generate the chloroform extract (CHE). Residue remaining after chloroform extraction was again subjected to ethyl acetate extraction following the above procedure and finally the residue after filtration of ethyl acetate extract (EAE) was re-extracted with methanol. Typical yields obtained were 1.6--2.4%, 3.1--4.1% and 4.8--5.3% for chloroform, ethyl acetate, and methanol extracts, respectively. All the extracts were kept at 4°C until further use and characterized by LC-MS/MS for the presence of DGA after hydrolysis of extract containing gymnemic acids.

Preparation of solutions of authentic and analytic samples {#sec2-4}
----------------------------------------------------------

Accurately weighed deacyl gymnemic acid was dissolved in DMSO to prepare 2 mg/mL stock. This primary stock was further diluted in methanol to prepare 1000 ng/mL which was injected in LC-MS/MS as a reference standard. Different extracts of GS was dissolved in methanol to prepare 2 mg/mL stocks of individual extract and then these were run in LC-MS/MS \[[Figure 1](#F2){ref-type="fig"}\].

![MRM profiles of chloroform extract and reference standard (LC-MS/MS data)](PM-12-389-g002){#F2}

Enzyme assay by cocktail approach {#sec2-5}
---------------------------------

In this study, a LC-MS/MS based CYP inhibition assay was developed to evaluate the modulatory activity of GS extracts on five major human CYPs. The assay protocol was similar to the previously published report\[[@ref22][@ref23]\] and the final concentration of organic solvent in incubation mixture was kept less than 1% v/v (\>1% may cause false positive inhibition). In cocktail CYP inhibition assays, tacrine, midazolam, diclofenac, dextromethorphan, and paclitaxel were used as probe substrates for CYP1A2, 3A4, 2C9, 2D6, and 2C8 at 2, 1, 7, 5 and 5 μM concentrations respectively. The incubations were performed using U-bottom, 96 deep well plates with a volume of 100 μl in each well. Briefly a 100 μL of incubation mixture contained HLM (0.1 mg/mL), NAPDH (1.3 mM) and MgCl~2~ (3.3 mM) solution in 100mM phosphate buffer pH 7.4. All reactions were initiated by addition of NADPH solution in a temperature controlled water bath at 37°C for 8 min. The reaction was terminated by addition of 100 μL ice-cold acetonitrile. After proper mixing and centrifugation at 4000 rpm for 15 min at 15°C, a 20 μL aliquot of supernatant was injected to LC-MS/MS. The peaks of metabolites (2-OH-tacrine, 4-OH-midazola, 4-OH diclofenac, dextrorphan and 6α-OH-paclitaxel) were monitored in LC-MS/MS.

Cyp inhibition studies by substrate-cocktail method {#sec2-6}
---------------------------------------------------

Five different substrates for corresponding five different major human CYPs were incubated with the HLM and various concentrations of DGA (0--90 μg/mL) and GS extracts (0--90 μg/mL) i.e. GS, *n*-hexane, ethyl acetate, chloroform, methanol, and aqueous extracts. Tacrine, midazolam, diclofenac, dextromethorphan, and paclitaxel were incubated for CYP1A2, 3A4, 2C9, 2D6 and 2C8 at 2, 2, 5, 5, and 5 μM concentrations, respectively. Different concentrations of GS extracts, DGA were tested and miconazole has been used as universal positive inhibitor for all CYPs. CYP inhibition (%) was calculated based on metabolite area in presence of test compound with respect to the negative control (solvent control where metabolite formation was maximum). Initially, concentration of extracts causing 50% inhibition of enzyme activity (IC~50~ values) were determined, followed by further determination of inhibition constants (K~i~ values) and mode of inhibition for those showing IC~50~ values of less than or equal to 50 μg/mL by Lineweaver--Burk plot.

Data analysis {#sec2-7}
-------------

Nonlinear regression analysis was employed to calculate IC~50~ values using the GraphPad Prism 5.0 (GraphPad Software, Inc. California, USA). The modes of inhibition were initially estimated graphically from the Lineweaver--Burk plots, and the apparent K~i~ values were later estimated using the secondary plots of the slopes of Lineweaver--Burk plots against individual inhibitor concentrations. These initial kinetics estimates were subsequently used to determine K~i~ values using nonlinear regression analysis by fitting different models of enzyme inhibition to the kinetic data using GraphPad Prism Enzyme Kinetics Module.

RESULTS {#sec1-3}
=======

The inhibitory effect of five GS extracts and DGA on the human CYP1A2, CYP2D6, CYP2C9, CYP3A4 and CYP2C8 were investigated with their respective probe substrates. When the probe assays were established in our laboratory, they had been examined with regard to inhibition by the inhibitor probes, miconazole which served as positive control for all CYPs and Km for all these substrates were established. The obtained Km values for these probes were 2.41 ± 0.13, 5.03 ± 0.19, 4.54 ± 0.25, 2.02 ± 0.14 μM and 4.92 ± 0.31 for human CYP1A2, CYP2D6, CYP2C9, CYP3A4 and CYP2C8, respectively. These values were all comparable to the values reported by other investigators using the same probes.\[[@ref23]\] This indicated that the assays can serve as valid markers to study the modulatory effects of GS extracts on the human CYPs. The activities of CYP2D6 and 2C8 were unaffected by all types of extracts and DGA except methanolic extract which was found to inhibit CYP2C8 activity (IC~50~, 5.20 ± 0.38 μg/mL). The IC~50~ values for the different GS extracts were determined as shown in [Table 1](#T1){ref-type="table"} and IC~50~ curve of different extract and were represented in Figure [2a](#F3){ref-type="fig"}--[d](#F3){ref-type="fig"}.

###### 

Inhibitory potencies (mean ± SEM) of GS extracts on human CYPs.

![](PM-12-389-g003)

![IC50 curve of CYP1A2 (Figure 2a), CYP3A4 (Figure 2b) inhibition by ethyl acetate extract and CYP3A4 (Figure 2c), and CYP1A2 (Figure 2d) inhibition by chloroform extract and miconazole, respectively.](PM-12-389-g004){#F3}

The type of inhibition were determined graphically from the Lineweaver--Burk plots \[Figure [3a](#F4){ref-type="fig"}--[f](#F4){ref-type="fig"}\] and the apparent K~i~ values \[[Table 2](#T2){ref-type="table"}\] were later estimated using the slopes of Lineweaver--Burk plots against the concentrations of individual inhibitor.

![Lineweaver--Burk inhibition plots of CYP1A2 (Figure 3a), 3A4 (Figure 3b) and 2C9 (Figure 3c) by ethyl acetate extract and CYP3A4 (Figure 3d) and 1A2 (Figure 3e) by chloroform extract and CYP2C8 (Figure 3f) by methanol extract.](PM-12-389-g005){#F4}

###### 

Inhibition constants and modes of inhibition (indicated in parenthesis) of CYP by GS extracts

![](PM-12-389-g006)

Inhibition of human cyps by universal inhibitors {#sec2-8}
------------------------------------------------

Miconazole known as positive inhibitor of CYPs (CYP1A2, 2C8, 2C9, 2D6 and 3A4) was used to confirm the selectivity of our assays at a range of 0.1--20 μg/mL. The IC~50~ values of positive inhibitor were found to be 0.89 μg/mL (1A2), 0.19 μg/mL (2C9), 0.56 μg/mL (2D6), 0.16 μg/mL (2C8) and less than 0.1 μg/mL (3A4). These values were all comparable to the values reported by other investigators using miconazole as positive inhibitor.\[[@ref22][@ref23]\]

DISCUSSION {#sec1-4}
==========

The hepatic cytochrome P450 enzymes are prone to induction and inhibition by exposure to a wide variety of xenobiotics. Besides conventional drugs and chemicals, these enzymes are also affected by multiple active constituents of food and medicinal plants/herbs. Many compounds isolated from herbs have been identified as substrates, inhibitors and/or inducers of various CYP enzymes. Accordingly, we have taken up this study wherein various GS extracts and DGA have been investigated for their modulatory effects on the catalytic activities of CYP1A2, 3A4, 2C9, 2D6 and 2C8. This is particularly important as GS is widely and if not, frantically used by millions of diabetic sufferers where the herb alone or also in combination with conventional drugs is administered/self administered owing to the severity of the disease -- diabetes. It can also be mentioned that limited information is currently available regarding the interactions of GS with clinically prescribed drugs. This is an issue of potential safety concern as GS is commonly consumed by hyperglycemic patients alone or in combination with other herbs/drugs. Small molecules or drugs commonly used by a diabetic patients are lovastatin, doxorubicin etc. (CYP3A4 substrates), diclofenac, tolbutamide (CYP2C9 substrates), phenacetin (CYP1A2 substrate), domperidone (CYP2C8 substrates), which are used clinically to treat different diseases. Furthermore, these patients may be inflicted with other comorbidities like hypertension and hypercholesterolemia that may require them to take drugs such as irbesartan, losartan, atorvastatin, simvastatine which are otherwise one or more CYP substrates. Common infectious diseases may necessitate the use of antimicrobials that modulate CYP activities such as isoniazid, rifampicin (for tuberculosis), and some protease inhibitors for HIV infection and macrolide antibiotics for respiratory and urogenital infections. Therefore, there may be potential risks of interaction when any or some of these drugs is taken together with GS as part of the remedies in the event of above-mentioned clinical emergencies.

In this study, *in-vitro* experiments were performed to test the inhibitory effects of various extracts (polar to nonpolar) prepared from GS towards five major human CYPs. Extracts in different solvents were investigated because there might be compounds with different solubility present in GS that are able to modulate CYP activity. Hence, studying extracts in both polar (aqueous and methanol) and nonpolar (ethyl acetate and chloroform) solvents allows a comprehensive characterization of possible constituents involved in CYPs modulation. Our data showed that the extracts exhibited differential modulatory effects on the CYP enzymes. Nonpolar extracts (chloroform and ethyl acetate) exhibited potent inhibition of CYP 1A2 and 2C9 as compared to AE and DGA. Many constituents present in this herb are lipophillic in nature\[[@ref24]\] and may account for the inhibitory effect observed ethyl acetate and chloroform extracts in this study. In fact, existing reports are of the opinion that many flavonoids and phenolics are inhibitors for CYP enzymes, where CYP isoforms like 2C9 and 3A4 are the most important two CYPs.\[[@ref25][@ref26]\]

Furthermore, the inhibitory effects on CYP2C8 by MeOH extract were intriguingly strong with mixed type inhibition showing K~i~ value of almost 2.59μg/ml and α = 5.51. K~i~ is the equilibrium constant for inhibitor binding to enzyme. Lower K~i~ value indicates higher level of inhibition due to higher affinity to enzyme and vice versa. Alpha (α) is the factor which denotes the effect (increase or decrease) on K~m~ or V~max~ or both parameters and it is inversely proportional to K~i~. The observed variation in inhibition selectivity of the GS extracts towards different CYP subfamilies appears to be complicated. However, earlier reports in this context indicate that such variation might probably be determined by a combination of certain key structural features in the inhibitor molecules in GS extracts.\[[@ref27]\] Binding to this combination of active site residues aligns the inhibitor compound(s) at the preferred site, resulting in inhibition. It is well known that CYP1A2 and CYP3A4 members have different binding preferences towards different ligands.\[[@ref27]\] The CYP1A ligands are generally low or medium molecular weight molecules with a wide range of polarities whereas in that of CYP2C8 and CYP2C9, their ligands usually possess weak acidic properties with relatively high lipophilicity and come with multiple aromatic rings as well as one or two hydrogen bond-forming groups.\[[@ref27][@ref28]\] On the contrary, ligands for CYP3A4 with larger molecular weights which are mostly neutral lipophillic compounds characterized with aromatic ring systems.\[[@ref28]\] It is thus likely that inhibitor compounds in GS extracts could possess structural features resembling the previously reported CYP1A2 and CYP2C9 ligands believed to be in favour of selective binding and inhibition of above stated CYPs rather than 2D6. The cavities of CYP1A2 and CYP2C9 are smaller than that of CYP3A4 and this has a major impact on the size of the ligands that could bind to the active site of CYPs.\[[@ref29]\] Even though the cavity size of CYP2C8 is very nearer to CYP3A4, its enzyme pocket is much more sinuous and the binding space is much smaller compared with that of CYP3A4 and as a result, CYP2C8 has higher affinity towards large ligands.\[[@ref29]\] On the basis of the discussion above, it is therefore likely that the interaction reported in this study would mainly involve hydrogen and hydrophobic binding interactions between the CYP active sites and relatively small, lipophillic yet slightly polar and/or nonpolar compounds within the GS extracts. These suggest that extracts of GS or different polyherbal formulations containing GS e.g. Baidyanath Madhumehari Churna, Shivayu Madhuhari Churna, Madhmehantak Churan etc.\[[@ref30]\] should be investigated for unwanted herb-drug interactions clinically.

In conclusion, the results of our study revealed that phytoconstituents presented in GS, particularly in chloroform, *n*-hexane and ethyl acetate extracts were able to inhibit CYP1A2, 2C9 activities whereas moderate-to-mild modulatory activity was observed on CYP3A4 and 2C8. Therefore, the observed inhibition of CYP1A2 and CYP2C9 by the herb/herbal drug requires further detailed clinical correlation and perhaps necessary caution specifically in the events of concomitant use of this antidiabetic herb with known substrates of the said CYPs e.g. caffeine, clozapine, fluvastatin, glipizide, mefenamic acid and tolbutamide among others otherwise advised for chronic administration.
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